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3.1 Introduction
Eﬃcient and economical photoelectrochemical water splitting requires innov-
ation on several fronts. Tandem solar absorbers could increase the overall ef-
ﬁciency of a water splitting device, but economic considerations motivate
research that employs cheap materials combinations. The need to manage
simultaneously light absorption, photogenerated carrier collection, ion trans-
port, catalysis, and gas collection drives eﬀorts toward structuring solar ab-
sorber and catalyst materials.
This chapter divides the subject of structured solar materials into two prin-
cipal sections. The ﬁrst section investigates the motivations, beneﬁts, and
drawbacks of structuring materials for photoelectrochemical water splitting.
We introduce the fundamental elements of light absorption, photogenerated
carrier collection, photovoltage, electrochemical transport, and catalytic be-
havior. For each of these elements, we discuss the ﬁgures of merit, the critical
length scales associated with each process and the way in which these length
scales must be balanced for eﬃcient generation of solar fuels. This discussion
RSC Energy and Environment Series No. 9
Photoelectrochemical Water Splitting: Materials, Processes and Architectures
Edited by Hans-Joachim Lewerenz and Laurence Peter
r The Royal Society of Chemistry 2013
Published by the Royal Society of Chemistry, www.rsc.org
52
D
ow
nl
oa
de
d 
by
 C
al
ifo
rn
ia
 In
sti
tu
te
 o
f T
ec
hn
ol
og
y 
on
 2
8/
07
/2
01
4 
15
:3
0:
44
. 
Pu
bl
ish
ed
 o
n 
02
 O
ct
ob
er
 2
01
3 
on
 h
ttp
://
pu
bs
.rs
c.
or
g 
| do
i:1
0.1
039
/97
818
497
377
39-
000
52
assumes a working knowledge of the fundamentals of semiconductor-liquid
junctions; for more details the reader is encouraged to consult review articles.1–3
The second section of this chapter reviews recent approaches for generating
structured semiconductor light absorbers and structured absorber-catalyst
composites. This literature review emphasizes the insights gained in the last
six years that are speciﬁcally related to photoelectrochemical water splitting,
rather than to general photoelectrochemistry or photovoltaic applications.
This chapter concludes with perspectives and an outlook for future eﬀorts
aimed at solar water splitting using structured materials. The realization of a
practical, eﬃcient, and useful water splitting device requires signiﬁcant
new developments in materials synthesis as well as deeper understanding of the
relevant chemistry and physics. This chapter is intended to motivate such
developments.
3.2 Interplay between Materials Properties and Device
Characteristics
Practical solar water splitting requires light absorption, separation and col-
lection of photogenerated charge carriers, and charge-carrier transport to
catalytic sites to produce gases that must be safely and economically separated
and stored. The overall process must occur at economically relevant eﬃciencies
(410 mAcm2 under 1 sun illumination) with negligible degradation in per-
formance over a multi-year timescale.
One model device for photoelectrochemical water splitting is shown in
Figure 3.1. Practical, economical devices may not resemble this model, but it
remains useful for highlighting the interplay and design tradeoﬀs that exist
when eﬀectively balancing light management, catalysis, and mass transport.
The device in Figure 3.1 utilizes a tandem water-splitting structure in which
each solar absorber operates as an electrode for redox chemistry. The use of a
tandem solar absorber conﬁguration enables better matching with the solar
spectrum,4,5 and separation of the solar absorber electrodes by embedding each
component in a selectively permeable membrane enables the separation of the
evolved gaseous products. For solar water splitting, the structured absorber on
the top of the device absorbs short wavelength, high-energy photons and
transmits longer wavelength photons. This ﬁrst structured absorber serves as
the photoanode, where holes oxidize water to produce oxygen gas and protons
with the help of an oxygen-evolving catalyst. At the structured solar absorbing
photocathode at the bottom of the device, electrons reduce protons to produce
hydrogen gas, assisted by a hydrogen-evolution catalyst. A proton-permeable
membrane separates photoanodic oxygen evolution and photocathodic
hydrogen evolution to prevent formation of a combustible mixture.
Irrespective of the ﬁnal device conﬁguration, solar absorbers in photoelec-
trochemical solar fuels devices must accomplish several tasks. They must
convert energetic photons into mobile charge carriers and must facilitate the
separation of photogenerated electrons and holes. Either a built-in electric ﬁeld
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from a crystalline semiconductor,3 or kinetic separation as in a dye-sensitized
solar cell can accomplish the necessary charge separation.6 Following charge
separation, minority carriers must travel to an interface and perform catalyzed
redox chemistry with minimal deleterious carrier recombination. Beyond light
absorption and electron/hole collection, the device in Figure 3.1 highlights one
of the principal driving forces of structured solar absorbers. In a device that
physically separates reduction and oxidation reactions, increasing the distance
between the photoelectrodes severely attenuates the device performance due to
mass transport eﬀects. A device with structured solar absorber photoelectrodes
similar to the conﬁguration in Figure 3.1 oﬀers the potential to reduce
performance-attenuating mass transport losses. This chapter discusses several
of the aforementioned issues as well as the way in which the structuring of solar
absorbers favorably or adversely aﬀects light management, photovoltage, mass
transport, and catalysis within a photoelectrochemical cell.
3.2.1 Light Absorption and Collection of Photogenerated
Carriers in Crystalline Semiconductors
The nature of the electronic transition that accompanies photon absorption
determines the light-absorption properties in semiconductor materials. The
requirement for eﬃcient light absorption guides a signiﬁcant portion of the
motivation for structuring solar absorbers, and absorption phenomena con-
tribute to several of the aforementioned ﬁgures of merit.
Electronic transitions associated with light absorption in semiconductor
materials can be classiﬁed according to the alignment of the crystal energy
bands with respect to momentum wave vectors in k-space.7 Figure 3.2 high-
lights this alignment for energy vs. crystal momentum diagrams for silicon (left)
Figure 3.1 Schematic of a proposed water splitting device utilizing tandem, structured
solar absorbers and a proton-permeable membrane for ion transport.
Image copyright 2013, Elizabeth A. Santori; used with permission.
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and gallium arsenide (right).7,8 For materials such as silicon, in which the
maximum of the valence-band energy, Ev, and the minimum of the conduction-
band energy, Ec, do not align, optical absorption requires the absorption or
emission of a phonon. Thus silicon has an indirect band gap, Eg. In contrast to
silicon, the conduction band minimum for gallium arsenide is aligned with the
valence-band maximum, so photon absorption in GaAs does not require
concomitant phonon processes. Gallium arsenide – and all materials with a
similar energy vs. crystal momentum relationship – have direct band gaps.
The nature of the band gap has profound implications for the length scales
associated with light absorption. As phonon processes occur on B1012 s
timescales, photons must travel signiﬁcantly longer distances within an indirect
band-gap material relative to distances traveled in a direct band-gap material
that is limited by the B1015 s timescale for purely electronic interband tran-
sitions. Absorption coeﬃcients, a, for direct gap materials are generally much
larger than absorption coeﬃcients for indirect-gap materials. As a result, the
characteristic absorption length, a–1, is signiﬁcantly smaller for direct-gap
materials relative to a–1 for materials with an indirect energy band gap. The plot
in Figure 3.3 depicts the diﬀerences between a–1 for the indirect band-gap
material, silicon,9 relative to a–1 for the direct band-gap material, gallium
arsenide.10 For example, at 800 nm, aSi¼ 850 cm1, so silicon requires 11.8 mm
to absorb 63% (or 1 – e–1) of the incoming light.9 In contrast, gallium arsenide
requires only 1.1 mm to absorb 63% of 800 nm radiation.10 An understanding
of these length scales has profound implications for photoelectrochemistry with
semiconductor absorbers.
In a traditional inorganic semiconductor-based photoelectrochemical cell, the
collection of photogenerated carriers is linked to the light absorption properties
because light absorption and photogenerated minority-carrier collection occur
Figure 3.2 Energy versus crystal momentum diagram for the indirect band gap silicon
(left) and direct band gap gallium arsenide (right). The diﬀerences between
the band alignments within these materials yield signiﬁcantly diﬀerent
photon absorption properties from each other.
Data from Cohen and Chelikowsky.8
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along the same spatial axis. Among other factors, eﬃcient carrier collection
from bulk crystalline semiconductors requires that the eﬀective minority-carrier
diﬀusion length, Lmin, is comparable to the penetration depth of the light, a
–1.
The inset in Figure 3.3 demonstrates the relationship between Lmin and a
–1,
which are two critical ﬁgures of merit for solar absorbers for photoelec-
trochemical water splitting. As Lmin depends on material purity and quality,
11
photoelectrochemical cells that employ this geometry often require highly puri-
ﬁed materials, resulting in high overall cost for the active absorber materials.
Thus, decoupling Lmin from a
1 is desirable and motivates signiﬁcant eﬀorts into
structured solar absorber materials. The coupling between Lmin and a
1 may not
place such a signiﬁcant restriction on material purity in a direct band-gap solar
absorber, but structuring direct band-gap absorbers might still be advantageous
for water splitting applications, as discussed in Section 3.2.3.
Long absorption path lengths require highly pure, highly crystalline ma-
terials or a modiﬁcation of light-absorption properties within a semiconductor
absorber to achieve optimal performance. Such modiﬁcations can reduce the
quantity of material required to absorb a signiﬁcant fraction of above-band-
gap photons. In photovoltaic modules, nanoscale interfacial features ideally
increase light trapping and decrease the required semiconductor thickness by as
much as 4n2, where n is the refractive index.12,13 This enhancement is known as
the Lambertian limit, and such nanoscale structuring eﬀectively increases a and
decreases a1 but does not fundamentally aﬀect the minority-carrier collection
length of the material (techniques for leveraging plasmonic properties for in-
creased light absorption are discussed elsewhere in this volume).
In contrast to increasing light absorption via scattering, spatially decoupling
light absorption from the collection of photogenerated carriers has the po-
tential to reduce the constraints on purity. Highly-ordered microwire arrays are
Figure 3.3 The characteristic absorption length, a1, vs. incident photon wavelength
for silicon, an indirect absorber material as well as for gallium arsenide, a
direct absorber. Over a broad wavelength range, absorption of 1 – e–1 or
63% of the incoming light requires signiﬁcantly longer path lengths in
silicon relative to gallium arsenide.
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a prototypical example of a device geometry that decouples light absorption
from carrier collection.14,15 Figure 3.4 contrasts the critical length scales for
minority-carrier collection, Lmin, and a
–1 for a bulk semiconductor (left) and for
a single microwire in a highly ordered array (right). In contrast to the planar,
bulk semiconductor case, the microwire-array geometry enables light ab-
sorption along the longitudinal wire axis, while photogenerated carrier col-
lection occurs along the radial axis. Thus the microwires can be made
suﬃciently long for high photon absorption, as implied by Figure 3.3, while
maintaining a small radius, permitting the use of semiconductors with low Lmin.
This orthogonalization of light absorption relative to carrier collection is a
principal beneﬁt of structured solar absorbers.
In addition to highly ordered microwire arrays, several other structured solar
absorber geometries successfully decouple Lmin from a
1. Section 3.3 of this
chapter details recent work on structured absorbers that involve porous
morphologies, ordered and un-ordered high-aspect ratio assemblies, and
modiﬁed dye-sensitized solar cells for photoelectrochemical solar water split-
ting devices. Each of these geometries presents its own set of beneﬁts and
challenges for solar water splitting. However, the remainder of this analysis will
focus on highly ordered microwire arrays. We intend this discussion to high-
light some of the advantages and disadvantages of structured absorbers and to
encourage critical thinking towards nontraditional materials, new geometries,
and new characterization techniques for use in photoelectrochemical solar fuels
devices.
Experimental, theoretical, and computational modeling studies have indi-
cated that eﬃcient photovoltaic and photoelectrochemical performance can be
achieved from highly ordered silicon microwire-array electrodes. This research
not only validates the microwire geometry, but also illustrates more generally
the beneﬁts provided by structuring solar absorbers. Figure 3.5 presents a
summary of light absorption experiments on vapor-liquid-solid (VLS)-grown
Figure 3.4 Traditional bulk semiconductor geometries (left) require high-quality
materials such that the photogenerated minority-carrier diﬀusion length,
Lmin, is comparable to the characteristic light-absorption length, a
1. In
contrast, structured devices such as wire arrays (right) enable the ortho-
gonalization of light absorption and carrier collection. Decoupling Lmin
from a 1 reduces certain materials quality constraints.
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silicon microwire arrays that were impregnated with poly(dimethylsiloxane)
(PDMS) and then cleaved from the bulk Si(111) growth substrate. In this
conﬁguration, the wire arrays demonstrated poor optical absorbance when il-
luminated at normal incidence but increasing absorbance as the incoming light
was rotated away from the substrate normal (Figure 3.5A).
Light-scattering techniques including a silver back reﬂector, a silicon nitride
antireﬂective coating, and 900 nm alumina particles embedded in the PDMS
each increased the overall light absorption of the microwire arrays. The com-
bination of these three light-trapping methods increased the maximum ab-
sorption to 0.96 and increased the normal incidence absorption to 0.92
(Figure 3.5B). The exceptional light-trapping ability of the silicon microwire
arrays exceeded the planar light-trapping limit for l4800 nm and also exceeded
the simulated day-integrated absorption for planar light-trapping silicon.
Interestingly, this light absorption occurred in a structure that had a fractional
silicon volume of 4.2%, and a total quantity of silicon equal to a 2.8 mm-thick
wafer of identical area. This exceptional light-absorption behavior is a major
beneﬁt of structuring solar absorbers.14,16,17
In addition to eﬀective light trapping and a reduction in materials purity
requirements, structured solar absorbers would not provide viable photovoltaic
or photoelectrochemical devices without facilitating eﬀective carrier collection.
Several tools for quantifying the carrier properties of bulk semiconductors are
also useful for structured solar absorbers. In photoelectrochemical and
photovoltaic systems, analyses of the surface recombination velocity, external
quantum yield, and internal quantum yield can help elucidate the details of
photogenerated carrier transport and recombination within, and at the surface
Figure 3.5 Optical absorption results demonstrate that PDMS-embedded silicon
microwire arrays have poor absorption at normal incidence but increasing
absorption at oﬀ-normal angles (frame A). The addition of scattering
elements, including a silver back reﬂector, silicon nitride antireﬂective
coating, and alumina particles, signiﬁcantly increases absorption at all
angles and all wavelengths of incoming light (frame B).
Image adapted from Kelzenberg et al.16
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of, structured semiconductors. Additionally, quantiﬁcation of the open-circuit
photovoltage at an illuminated semiconductor-liquid interface is a primary tool
for ascertaining the overall device quality and performance.18
3.2.2 Open-Circuit Photovoltage at Structured
Semiconductors
Models of charge transfer at illuminated semiconductor-liquid junctions bal-
ance the current density of electron-hole pair photogeneration with the current
densities for deleterious processes.1,2,18 Such deleterious currents include carrier
recombination in the depletion region, tunneling through the interfacial po-
tential barrier, thermionic emission at the interfacial potential barrier, re-
combination via bulk trap states, recombination via surface states, and
interfacial charge transfer. Ideally, all of the deleterious currents should be
suppressed relative to the current due to carrier recombination in the bulk,
which is an intrinsic property of the semiconductor material.18 Solving the ideal
diode equation for zero net current yields equation (3.1), the open–circuit
photovoltage, Voc, at illuminated semiconductor-liquid junctions. Since current
ﬂow is a kinetic phenomenon, the Voc for an illuminated semiconductor-liquid
junction is a kinetic parameter, not a thermodynamic parameter, and represents
a fundamental ﬁgure of merit for photoelectrochemical water splitting.
Voc¼ n kBT
q
ln
JphND;ALmin
qDminn
2
i
ð3:1Þ
Here n is the diode ideality factor, Jph is the short circuit photocurrent density
(photocurrent per area) under illumination, ND (NA) is the donor (acceptor)
density, Lmin is the minority-carrier diﬀusion length, Dmin is the minority-
carrier diﬀusion coeﬃcient and ni is the intrinsic carrier density. The term
N1D;AL
1
minqDminn
2
i is frequently simpliﬁed as Js, the saturation current density,
equation (3.2).
Voc¼ n kBT
q
ln
Jph
Js
ð3:2Þ
For bulk, planar semiconductors, the current density ratio on the right hand
side of equation 3.2 values reduces to a ratio of the photocurrent to saturation
current because the areas in Jph and Js are identical. However, current density
comparisons are more complicated for structured semiconductors. The area
deﬁned for photocurrent density refers to the rectilinear parallel projection of
the structured semiconductor onto a plane that is illuminated by the incoming
light. Such a parallel projection deﬁnes the semiconductor projected surface
area. Conversely, the area deﬁned for the saturation current density includes
the entire contact area of the rectifying junction. For a rectifying junction
formed conformally at the interface of a structured semiconductor-liquid
junction, the contact area is the geometric surface area of the semiconductor.
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The dimensionless ﬁgure of merit g deﬁned in equation (3.3) reconciles the
discrepancy between these two areas.2
g¼ geometric surface area
projected surface area
ð3:3Þ
Incorporation of g into equation (3.1) enables a straightforward comparison of
the currents and current densities in equation 3.4.
Voc¼ n kBT
q
ln
Jph
gJs
ð3:4Þ
Equation (3.4) demonstrates a potential disadvantage of structured solar
absorbers. When the semiconductor-liquid junction forms the rectifying con-
tact, increasing the surface area of the solar absorber will decrease the attain-
able Voc due to the increase in g. This decrease may be obviated by employing
small contact area heterojunctions,19,20 optical concentrators, or a nanoemitter-
style photoelectrochemical cell.21 The nanoemitter solution could be particu-
larly interesting, as the nanopatterened contact may further function as a
scattering element and/or as a solar fuels catalyst. Indeed, the ideally designed
nanoemitter solar fuels device may ultimately possess a geometric surface area
that is smaller than the projected surface area, yielding go1 and Voc4Voc,planar.
Returning to the example of highly ordered silicon microwire array photo-
electrodes, initial studies yielded an open circuit photovoltage, Voc¼ 389mV
and a short-circuit current density, Jsc¼ 1.43mA cm2 for n-Si wire electrodes
in contact with dimethylferrocene1/0 in methanol under ELH-simulated 1-Sun
illumination (halogen lamp).15 Although this silicon microwire performance
was well below the Voc¼ 670mV and Jsc¼ 20mAcm2 values obtained using
planar n-type silicon,22 these initial studies demonstrated the viability of highly
ordered silicon microwire arrays for photoelectrochemistry.
Subsequent experiments on Si microwire arrays established more eﬃcient
performance. Spectral response measurements on polymer-embedded, 67 mm-
long wire arrays in methyl viologen21/1(aq) demonstrated nearly unity
internal quantum eﬃciencies between 400 nm and 900 nm.17 Scanning photo-
current measurements revealed a minority-carrier eﬀective diﬀusion length,
Leﬀ¼ 10 mm in individual 0.9 mm radius silicon microwires,23 which achieved
the Leﬀ4r required to produce eﬃcient photocarrier collection in a microwire
conﬁguration.14 Arrays of p-Si microwires with an n1 emitter layer achieved
Voc¼ 540mV and energy-conversion eﬃciencies exceeding 5% for photoelec-
trochemical hydrogen production under 100mWcm2 ELH-simulated 1 Sun
illumination using a Pt co-catalyst.20 These results illustrate the usefulness of
the microwire morphology as well as the methodology of employing structured
semiconductors for photoelectrochemical water splitting.
Light absorption and photovoltage considerations begin to highlight the
complexity involved in designing a highly eﬃcient photoelectrochemical water-
splitting device. Next we consider electrochemical transport processes, which
incorporate yet another layer of complexity involving larger size scales and are
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especially relevant for structured solar absorbers and catalysts for water
splitting.
3.2.3 Electrochemical Transport at Structured Semiconductors
The understanding and control of electrochemical transport within a photoelec-
trochemical cell are critical to the construction of practical solar water-splitting
devices. Non-optimized mass transport will result in ineﬃcient use of catalyst
material and will also produce overpotentials that degrade the device performance.
Based on comparisons between a–1 and Lmin, indirect-gap semiconductors
likely beneﬁt more from structuring than direct-gap semiconductors, because
direct absorbers (with larger a values) intrinsically require less material to
achieve complete light absorption. However, solar absorbers play roles that are
more complicated than converting light to oxidizing and reducing equivalents.
In a hydrogen-producing system, balancing the proton ﬂow requires proton-
permeable channels between the photoanode and photocathode. The use of two
planar, direct-gap semiconductors in the geometry of Figure 3.1 might result in
excellent light absorption at the expense of proton ﬂow. Therefore, even direct-
gap semiconductors may require a degree of structuring to obtain eﬃcient
photoelectrochemical solar fuels devices.
Electrochemical mass transport can be categorized according to three driving
forces: convection, migration, and diﬀusion. Mechanical movement of the bulk
solution generates convective transport. Migration refers to the motion of
charged species under the inﬂuence of electric ﬁelds. Concentration gradients
produce diﬀusive transport. A combination of these driving forces determines
the mass transport of reactants to an electrode surface and the transport of
products away from the electrode surface. Excess supporting electrolyte, or
operation in either highly acidic or highly alkaline media, eﬀectively suppresses
ion migration forces. Additionally, structured photoelectrodes are likely to
suppress bulk solution motion arising from convective forces. Thus, diﬀusion is
likely to dominate mass transport in the vicinity of structured photoelectrodes.
In addition to laminar-ﬂow mass transport phenomena, photoelectrochemical
production of gaseous H2 will aﬀect several aspects of device operation. Gas
bubbles will modify light scattering and generate some local solution convection,
but it remains unclear whether these factors will produce a net increase or de-
crease in device performance. Gas bubbles may form at nucleation sites on the
photoelectrode surface, decreasing the overall performance by blocking catalytic
sites from access to the solution. However, the increased convective ﬂow due to
bubble surface detachment and motion may facilitate mass transport.
Mass transport in electrochemical systems has been the focus of signiﬁcant
research for over a century. Such transport studies include mass transport at
bulk, planar electrodes,24 diﬀusion-limited mass transport during metal de-
position at planar microelectrodes,25,26 and transport near conical and hemi-
spherical ultramicroelectrodes.27 Several research groups have characterized
mass transport, diﬀusion, and migration phenomena in dye-sensitized solar
cells.28–32 However, mass transport eﬀects at structured solar fuels photoelec-
trodes remain relatively unexplored.
Structured Materials for Photoelectrochemical Water Splitting 61
D
ow
nl
oa
de
d 
by
 C
al
ifo
rn
ia
 In
sti
tu
te
 o
f T
ec
hn
ol
og
y 
on
 2
8/
07
/2
01
4 
15
:3
0:
44
. 
Pu
bl
ish
ed
 o
n 
02
 O
ct
ob
er
 2
01
3 
on
 h
ttp
://
pu
bs
.rs
c.
or
g 
| do
i:1
0.1
039
/97
818
497
377
39-
000
52
View Online
In contrast to the rigorous mathematical treatments available for planar
electrodes and certain microelectrode conﬁgurations, models of mass transport
do not provide straightforward equations that describe the solution concen-
tration proﬁles in the vicinity of highly structured electrodes. Recently, simu-
lations in COMSOL Multiphysics have elucidated the mass transport in highly
ordered p-type silicon microwire arrays in contact with a solution of cobalto-
cene1/0 in acetonitrile.33 Figure 3.6 highlights relationships demonstrated by
these studies. In simulations where the wire diameter, d, is comparable to the wire
pitch spacing, the concentration proﬁle of reactant species resembles a quasi-
planar boundary layer (frame A). In contrast, wire array geometries in which
d{pitch yield a conformal boundary layer (frame B). Simulations that modeled
the experimental arrangements demonstrated that the solution-phase reactant
concentration decreased to zero over the lowerB70% of the wire length relative
to the bulk concentration above the microwire (frame C). In this example, the
entire microwire length may be necessary for eﬀective light absorption, but less
than one third of the microwire length is an eﬀective redox electrode.
Depletion of solution-phase reactants will adversely aﬀect the photoelec-
trochemical device performance.33 A critical adverse eﬀect is a concentration
overpotential, Zc, that represents a Nernstian potential shift due to changing
concentrations of reactants and products relative to bulk concentrations
(equation (3.5)).
Zc¼
RT
nF
ln
Cvoxox
C
vred
red
 ln C
vox
ox
C
vred
red
 
ð3:5Þ
Figure 3.6 The geometries, including size and spacing of solar absorber photoelec-
trodes, aﬀect solution-phase mass transport. In highly ordered microwire
arrays in which the wire diameter is comparable to the spacing, solution
phase reactants deplete, forming a quasi-planar boundary layer to the
outside solution (frame A). In contrast, the volume between wires is less
likely to deplete of reactants when the spacing is signiﬁcantly greater than
the wire diameter (frame B). COMSOL Multiphysics simulation results
(frame C) demonstrate the complete depletion of solution-phase reactants
overB70% of the 100mm wire length.
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In equation (3.5), n is the stoichiometric number of electrons transferred, R is
the gas constant, F is Faraday’s constant COx and CRed are the concentrations
of oxidized and reduced species at the electrode surface, respectively, C*Ox and
C*Red are the corresponding concentrations in the bulk solution, and vOx
and vRed are the stoichiometric numbers of the oxidized and reduced species,
respectively. This concentration overpotential adds to the kinetic catalyst
overpotential that is required to sustain a desired current density from an ideal
catalyst, such that Ztotal¼ Zcatalystþ Zc. Thus, if the surface concentrations or
concentration proﬁles are known, equation (3.5) quantiﬁes the voltage penalty
that a structured electrode will incur to overcome mass transport eﬀects
associated with its structure.
Simulations that elucidate mass transport eﬀects will be useful when de-
signing and characterizing structured solar absorber photoelectrodes. The
characterization of structured photoelectrodes in non-aqueous photoelec-
trochemical cells with redox species that exhibit facile, 1-electron transfer re-
actions is also helpful in understanding the interplay between electrode
structure and concentration overpotential.
3.2.4 Catalysis at Structured Semiconductors
An understanding of the catalytic phenomena at structured solar absorber
materials is not straightforward. In the simple case, a structured solar absorber
with a ratio g of its geometric surface area to its projected surface area should
decrease the turnover demands for a conformally deposited catalyst by the
same ratio. For example, a highly ordered microwire array containing 100 mm
long, 1.8 mm diameter microwires on a 7 mm square pitch exhibits g¼ 5.2.
For this microwire array, a catalyst that is uniformly distributed along
the structured solar absorber need only support an actual current density of
1.9mA cm2 for the device to achieve a 10mAcm2 current density on the
basis of projected (i.e. illuminated) area. The implication of this simple case
predicts that structuring solar absorbers places a reduced demand on the
catalytic rates, and might thus enable the use of non-noble metal catalysts for
eﬃcient, economical photoelectrochemical water splitting.
While structured catalysts may indeed reduce the demands for high catalytic
activity, several factors complicate the behaviors of structured catalysts.
Continuous metallic catalyst layers will behave diﬀerently from a discontinuous
and/or a non-metallic catalyst. A suﬃciently conductive, continuous, metallic
catalyst layer deposited on a structured electrode will equilibrate to a uniform
potential along the layer surface. Despite being equipotential, this continuous
catalyst layer will not necessarily sustain a uniform current density. As
Figure 3.6 demonstrates, the volume between adjacent microwires within a
highly ordered array quickly depletes of reactants, and the electrode process
becomes limited by mass transport from the bulk. Such depletion would render
catalyst near the base of the microwire arrays less productive than catalyst
material closer to the wire tops. For a non-uniform catalyst layer, all of the
catalyst material is not necessarily at an equipotential but rather is at an
electrochemical potential that is determined by the minority-carrier
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quasi-Fermi level at the local semiconductor-catalyst interface. As a con-
sequence of being poised at diﬀerent potentials, a non-uniform catalyst layer
will result in spatially non-uniform current densities, which may decrease device
eﬃciency.
The catalytic performance is convolved into catalyst structure, photoelec-
trode structure, light absorption, carrier transport, and mass transport. Chal-
lenges will remain for localizing catalyst material in regions along a structured
solar absorber to maximize the performance. Similarly, the quantiﬁcation of
catalytic performance and isolation from other processes at structured photo-
electrodes will remain a challenge in the development of solar water splitting
devices. Structured photoelectrodes, however, will certainly relax the
constraints on exchange rates or turnover frequencies.
3.2.5 Outlook
Structuring of solar absorbers oﬀers advantages and disadvantages for a
photoelectrochemical solar fuels device. Disadvantages include decreased
catalyst utilization eﬃciency and decreases in open-circuit photovoltage. Ad-
vantages include decoupling light absorption and charge-carrier collection,
enabling the use of less pure material, and decreasing the turnover constraints
on the associated catalyst system. These advantages promise to decrease device
costs by permitting use of lower amounts of less pure conventional materials
(e.g. Si, GaAs, Pt, Ru) or in enabling the use of otherwise less ideal materials
(e.g. oxide absorbers, non-noble catalysts).
Considering the diﬀerent optical, carrier generation and mass transport
phenomena that occur simultaneously at structured photoelectrodes, it is im-
portant to note that very few research groups are incorporating structures and
characterizing multiple key phenomena. As this chapter illustrates, photoelec-
trode structuring is often advantageous to one aspect of overall performance
while disadvantageous to another. The most eﬀective studies will therefore
combine experimentation and computation to investigate simultaneously sev-
eral characteristics of a putative photoelectrochemical water-splitting device.
3.3 Review of Recently Demonstrated Advantages of
Structured Materials for Photoelectrochemical
Water Splitting
This section highlights some features in the development of structured semi-
conductors and catalysts for the hydrogen evolution reaction (HER), the
oxygen evolution reaction (OER), and overall water splitting. We restrict this
discussion to developments from the last ﬁve years and focus on solar water
splitting as opposed to photovoltaics or other photoelectrochemical reactions.
Thus, Section 3.3 represents a targeted assessment of the ‘‘state of the art’’ in
solar water splitting rather than an exhaustive catalogue of all of the work
performed in the ﬁeld over the last ﬁve years.
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While research must ultimately investigate solar absorption alongside cata-
lysis, mass transport, and light management, few research groups are ad-
dressing the multitude of challenges that exist in the production of a viable
photoelectrochemical water splitting device. Therefore, this section presents
separately recent experiments and results regarding (1) non-traditional pho-
toelectrode materials with a range of morphologies, (2) the structuring and
characterization of traditional semiconductor absorbers, and (3) structured
catalyst materials. Finally, this chapter concludes with an outlook and broader
considerations for research into practical and eﬃcient photoelectrochemical
water splitting.
3.3.1 Metal Oxide Photoelectrodes
Metal oxides have traditionally dominated the ﬁeld of semiconductor-coupled
oxygen evolution, due to the natural stability of the oxides under the highly
oxidative conditions demanded by the OER. Accordingly, much recent work
has focused on developing highly structured oxides for eﬃcient oxygen
evolution.
3.3.1.1 Hematite
Hematite (a-Fe2O3), is readily synthesized from inexpensive materials, can be
doped n-type, and possesses a 2.2 eV band gap. These properties continue to
drive extensive research by several groups. Recent studies have illuminated the
fundamental challenge for water oxidation using hematite, namely poor
transport properties and short minority-carrier lifetimes resulting in minority-
carrier transport distances in the tens of nm.34,35 Additionally, hematite
exhibits strongly anisotropic behavior, with electrons and holes traveling more
easily along the (001) crystal planes.36 All of these diﬃculties point to the de-
sirability of developing highly nanostructured materials that may permit facile
charge carrier collection at the electrolyte interface.
The Gra¨tzel group has successfully achieved control over both the structure
and doping of hematite thin ﬁlms and has demonstrated progressively greater
eﬃciencies for conversion of incident white light to O2 (g) by synthesizing
nanostructured ﬁlms using both physical and chemical deposition methods.
Initial experiments utilized chemical vapor deposition to synthesize hematite
ﬁlms with nanoscale features, producing photocurrent densities of several
mA cm2 at the thermodynamic water oxidation potential.37 Subsequent
experiments employed solution-phase deposition and generated hematite thin
ﬁlms that achieved similarly large photocurrent densities by decoupling the
chemical beneﬁt of sintering from the concomitant increase in feature size.38
Several research groups have successfully coupled overlayers on Fe2O3 sub-
strates for electronic or catalytic beneﬁts. Zhong and Gamelin electrodeposited a
cobalt oxide catalyst onto hematite photoelectrodes and observed enhanced
oxygen-evolution activity at potentials less than the thermodynamic oxygen-
evolution potential.39 The Gra¨tzel group noted a similar enhancement in catalytic
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activity by deposition of an iridium oxide co-catalyst or through the use of one of
several group 13 oxides on the surface of nanostructured Fe2O3 ﬁlms.
40,41
Another recent area of interest in hematite photoelectrochemistry is the use
of plasmonic nanoparticles to enhance light absorption in ultrathin ﬁlms.
Deposition of gold nanoparticles that were tens of nm in diameter increased
the light absorption in Fe2O3 due to the coupling and scattering of the incoming
light with plasmon modes within the nanoparticles.42,43 Despite the increased
light absorption due to plasmonic coupling, Thimsen et al. saw no enhancement
in water splitting photocurrent.42 Thomann and coworkers, however, saw an
enhancement by more than a factor of ten for photocurrents in the spectral
region corresponding to surface plasmon resonances.43
Hematite has very promising physical and optical properties, and has gar-
nered much research interest as a water splitting photoanode. However,
hematite photoelectrodes have yet to attain suﬃcient photovoltage (41V) or
photocurrent density (45mAcm2) for eﬃcient water oxidation. Hamann re-
cently provided a thorough discussion of the reasons for the disparity between
the expected and actual performance, concluding primarily that methods need
to be developed to suppress, or out-compete, charge-carrier recombination at
the hematite surface to allow for eﬃcient, productive hole collection.44
3.3.1.2 Tungsten Oxide
Tungsten oxide has been the subject of active investigation as a semiconductor
for water oxidation. Tungsten oxide does not suﬀer from the same unfavorable
electronic properties as hematite, as in crystalline form it has reasonably long
minority carrier lifetimes and isotropic electronic properties. Tungsten oxide is
also stable in acidic media. A challenge for WO3, however, is its indirect band
gap ofB2.7 eV, which prevents absorption of a signiﬁcant fraction of the solar
spectrum. Thus, work on nanostructured WO3 has focused on achieving high
quantum eﬃciencies, on attempts to reduce the band gap, and on the devel-
opment of nanostructures for more eﬃcient charge capture at the
semiconductor-solution interface.
Several recent studies have leveraged the morphology of nanocrystalline
WO3 to maximize light capture and carrier collection. One approach by Hong
et al. involved the solution phase, hydrothermal synthesis of nanocrystals of
WO3.
45 Calcination at various temperatures aﬀorded control over the grain size
of the material. Films that were calcined at 600 1C gave the highest energy-
conversion eﬃciencies, attributable to the best compromise between high
crystallinity and high hole collection eﬃciency.
In another approach, researchers synthesized a unique ‘‘ﬂake-wall’’ morpho-
logy in WO3 nanoparticles that were prepared by a solvothermal method.
46
The technique allowed the deposition of structures directly onto conductive tin-
oxide-coated glass plates by seeding with an underlayer of nanocrystalline
WO3. Annealed solvothermal ﬁlms generated nearly an order of magnitude
higher photocurrent densities than un-annealed solvothermal ﬁlms or the elec-
trodes that had only the nanocrystalline underlayer. In yet another approach,
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researchers synthesized WO3 in a unique inverse opal morphology to enhance
light absorption of the ﬁlms.47 This inverse-opal structure led to a doubling of
photocurrent densities relative to those of conventional, compact ﬁlms.
Several research groups have also increased the rate of oxygen evolution on
WO3 by the addition of catalysts to the surface of the material. Liu et al. used
atomic layer deposition (ALD) to deposit an overlayer of Mn oxide on WO3
and saw a small enhancement in the photocurrent, but a large enhancement
of O2 yield.
48 Seabold and Choi deposited a cobalt oxide catalyst by electro-
deposition and observed greatly improved stability for water oxidation on
WO3.
49
Recently the Lewis group reported that in the absence of catalyst, the fara-
daic eﬃciencies of oxygen evolution in acidic media are quite low on WO3, as
oxidation of the electrolyte counter ion (e.g. chloride, sulfate, phosphate) is
favored over the OER.50 Catalysts were added either to decompose the oxidized
counter ion or to facilitate direct transfer of holes to water molecules, and
oxygen evolution proceeded with high faradaic yield.
Given its rather large indirect band gap, WO3 ﬁlms will not be viable for
eﬃcient photoelectrochemical water splitting unless credible methods can be
developed for signiﬁcantly increasing their visible light absorption without
disrupting carrier transport properties. Further details of techniques employed
in synthesizing nanostructured and doped WO3 can be found in a recent review
by Liu et al.51
3.3.1.3 Bismuth Vanadate
The optical properties of the monoclinic form of BiVO4 make it similar to, or
even more attractive than, WO3 for driving the OER using visible light
irradiation. BiVO4 has a direct band gap of approximately 2.4 eV, allowing
eﬃcient absorption of blue photons. Additionally, the band-edge alignment
allows generation of a relatively large photovoltage for water oxidation com-
pared to other metal oxides.52,53
Several research groups have improved photoelectrochemical water oxi-
dation by the introduction of controlled structure into BiVO4 ﬁlms. Berglund
et al. found that deposition of nanostructured, vanadium-rich BiVO4 ﬁlms
resulted in OER activity under illumination that was several times higher than
that of stoichiometric ﬁlms, even after the excess vanadium had dissolved into
the electrolyte.54 Luo et al. synthesized BiVO4 ﬁlms by a chemical bath de-
position, resulting in a variety of microstructured morphologies.55 Interest-
ingly, the highest photocatalytic activities were obtained for ﬁlms that were
relatively compact, although with smaller crystallite size. This result implies
that diﬀusion of holes to the surface may be a limiting factor in the perform-
ance of crystalline BiVO4 ﬁlms.
The photoelectrochemical water oxidation activity of BiVO4 ﬁlms can also be
enhanced by addition of the group VI metals Mo and W. The Bard group
carried out a combinatorial study of the Bi-V-W oxide system using a scanning
electrochemical microscopy (SECM) technique.56 They found that a material
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consisting of the ratios 4.5 : 5 : 0.5 of Bi, V, and W, respectively, gave the highest
photoactivity, both in the combinatorial experiment and in bulk ﬁlm studies. In
another approach, Hong et al. synthesized thin ﬁlm heterojunctions of BiVO4
and WO3 by sequential deposition of multilayers of the respective precursors.
57
They found that the most active heterojunction consisted of one layer of BiVO4
atop three layers of WO3. The enhancement was attributed to leveraging of the
favorable charge-transfer properties of WO3 alongside the high light ab-
sorption in BiVO4.
Perhaps the most successful approach in the development of BiVO4 photo-
anodes has been with ﬁlms that incorporated overlayers of oxide co-catalysts
for the OER. The Bard group leveraged their SECM approach to screen
combinatorially a variety of catalytic materials deposited onto Bi-W-V oxide
ﬁlms.58 Interestingly, they found that the highly active OER catalyst iridium
oxide did not signiﬁcantly enhance the photoactivity, whereas the less active
catalyst materials Pt and Co3O4 did enhance the photocurrent densities by
nearly an order of magnitude. They attributed this result to the fact that the
interfacial properties of the semiconductor/catalyst junction are critically im-
portant in determining overall photoelectrode eﬃciency.
Several other research groups have found that deposition of oxide catalysts
on the surface of BiVO4 photoelectrodes signiﬁcantly enhances its water oxi-
dation eﬃciency. Pilli and coworkers observed an enhancement in water oxi-
dation activity for BiVO4 both upon doping with 2% Mo in place of V as well
as upon deposition of a cobalt oxide catalyst onto the surface.59 Zhong et al.
saw a similar enhancement with a Co oxide co-catalyst on tungsten-substituted
BiVO4, which they attributed to eﬃcient suppression of surface recombination
on application of the co-catalyst.60 Seabold and Choi obtained high photo-
current densities (on the order of 2 mA cm2 short-circuit current density) for
water oxidation under AM1.5 illumination for a BiVO4 ﬁlm synthesized by an
electrodeposition/calcination technique and coated with an iron oxyhydroxide
co-catalyst.61 These composite ﬁlms were stable for several hours under oxygen
evolution conditions while being illuminated in neutral aqueous electrolytes.
Further eﬀorts are warranted in the suppression of recombination losses in
the BiVO4 bulk, as well as coupling eﬃcient OER co-catalysts to the surface for
simultaneous enhancement in catalytic activity and suppression of surface
recombination losses. Additionally, systematic eﬀorts in the generation of
micro- or nanostructured BiVO4 may produce higher charge-carrier collection
eﬃciencies, similar to what has been seen with WO3 and Fe2O3. Also it is
important to determine the stability limits of BiVO4 in terms of pH and
electrochemical potential in aqueous solutions. With success in these areas,
BiVO4 may emerge as a very promising metal oxide photoanode for water
oxidation.
3.3.1.4 Other Oxide Systems
Several other systems that are composed of transition metal oxides have gained
recent interest for photoelectrochemical water splitting. The Mallouk group
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demonstrated a variation on the dye-sensitized solar cell (DSSC) as an oxygen-
evolution system.62 As with a conventional DSSC, the system is comprised of
titania nanoparticles that are functionalized with light-absorbing ruthenium
bipyridine dyes. Conventional dye-sensitized cells use a reversible redox couple
to regenerate the dye from its oxidized state following electron injection into a
mesoporous TiO2 electrode, but the Mallouk system transfers highly oxidizing
holes from the dye to an IrO2 co-catalyst, which then oxidizes water. The
electrons injected into the titania layer produce hydrogen at the counter elec-
trode when an additional bias is provided. This type of system allows for
utilization of visible photons in oxide-based water-splitting systems, but the
overall eﬃciencies need to be improved. Additionally, the long-term stability of
the sensitizer complexes under highly oxidizing conditions needs elucidation.
Several research groups have explored copper (I) oxide (Cu2O) as a p-type
oxide semiconductor material. The Lewis group demonstrated stable photo-
electrochemistry, and photovoltages of over 800 mV, from thermally prepared
Cu2O in contact with non-aqueous redox couples.
63 However, stability was lost
in aqueous media due to reduction of the oxide to copper metal on the surface,
resulting in the subsequent loss of photovoltage. The Gra¨tzel group circum-
vented the problem of instability of Cu2O by introducing protective layers of
aluminum/zinc oxide and TiO2 by atomic layer deposition.
64 Their system was
able to evolve hydrogen stably for 41 hour using a Pt co-catalyst, albeit with
low photovoltages. The Choi group explored the electrodeposition of Cu2O,
and with careful tuning of electrodeposition conditions grew the semiconductor
in controllably branched, dendritic structures.65 Further work on Cu2O may
yield structured materials that can perform the HER eﬃciently.
3.3.2 High Aspect-Ratio Structures
Over the last decade, signiﬁcant research eﬀorts have investigated semi-
conductor nanowires and microwires. The greatest proportion of these eﬀorts
has focused on use of wire structures as candidate materials for thin-ﬁlm
photovoltaics and other optoelectronic devices. Several research groups have
also developed the wire geometry speciﬁcally for photoelectrochemistry
and water splitting. The recent review literature contains extensive discussion of
the history and progress of nanowire fabrication and solid state devices.66–72
Here we provide a short overview of the progress on structured Si and III-V
semiconductor developments with respect to their potential uses for water
splitting.
3.3.2.1 Si Structures
Chemical etching procedures have been developed to generate rods and/or
porous structures in silicon in a top-down manner via anisotropic metal-
assisted etching.73 A highly porous array of silicon nanowires is produced that
has the electronic quality of the parent wafer.74 This top-down nanostructuring
allows for generation of high photocurrent densities, due to the signiﬁcant
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antireﬂective properties of the etched Si; hence the nickname ‘‘black silicon’’ is
given to such nanostructures.75
Researchers at the National Renewable Energy Laboratory have successfully
used black silicon photocathodes for photoelectrochemical hydrogen gener-
ation.76 Signiﬁcant enhancements in photocurrent density were observed due to
the antireﬂective properties of the nanoporous coating. Additionally, the onset
of hydrogen evolution was shifted positive by several hundred mV for black
silicon electrodes relative to planar Si controls. The catalytic shift was attrib-
uted to relaxed catalytic turnover requirements as a result of increased Si
surface area, and was also likely due to the advantageous presence of trace Au
remaining on the porous Si surface after the metal-assisted etching procedure.
Chemically-etched silicon nanowire photoelectrochemical solar cells utilizing
redox couples other than H1/H2 or O2/H2O have demonstrated remarkably
high solar energy conversion eﬃciencies,48,77,78 implying that the water splitting
half reactions could also be driven eﬃciently with the proper electrode archi-
tectures and catalysts.
In addition to nanostructures, Si microstructures have also been fabricated
by top-down etching procedures, and these systems have been utilized for solar
hydrogen generation. Recently, Hou et al. demonstrated a photocathode based
on p-type Si micropillars that were generated using a dry etching procedure.79
These pillars were decorated with a molybdenum sulﬁde cubane cluster as an
earth-abundant hydrogen evolution catalyst. The structured composite device
generated a photocurrent density of B10 mA cm2 at the reversible potential
for hydrogen-evolution. The observed current density was larger than the
photocurrent density generated by a planar control sample. These photo-
cathodes also evolved hydrogen stably for at least one hour.
Silicon nano- and microstructures have also been prepared using a bottom-
up synthesis approach that takes advantage of a vapor-liquid-solid growth
mechanism, in which a Si/metal eutectic selectively crystallizes silicon onto a
substrate from a vapor-phase precursor such as SiCl4 or various silanes.
80
Several research groups have demonstrated VLS-based Si nanowires and
microwires in photoelectrochemical solar cells.15,19,81–84 However, there are
only a few examples of VLS-grown silicon structures for photoelectrochemical
hydrogen evolution.20,83 Si microwire arrays can also be embedded in a poly-
mer and removed from the growth substrate while retaining their photoelec-
trochemical activity,85–87 potentially allowing fabrication of water-splitting
device architectures that utilize tandem solar absorbers on either side of an
ionically conductive membrane.79,88,89
3.3.2.2 III-V Structures
The III-V semiconductors gallium arsenide and indium phosphide have both
been utilized as photocathodes for the eﬃcient generation of hydrogen from
acidic electrolytes.90–92 Since both of these materials have direct band gaps,
highly structured morphologies might not be needed to improve light ab-
sorption or charge-carrier collection. Nevertheless, controlled structuring of the
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semiconductor or catalyst layers in III-V photoelectrodes may be desirable to
enable novel device geometries or to relax catalyst turnover requirements.
Gallium phosphide is a III-V semiconductor with an indirect fundamental
band gap at relatively high energy, making it an interesting candidate as a
structured absorber in tandem water-splitting systems. Methods have been
devised for top-down formation of wire or porous structures in GaP through
anisotropic etching.93 Recently, the Maldonado group used this electro-
chemical etching technique to generate nanostructured n-type and p-type
gallium phosphide with vertically oriented pores of varying depth.94,95 The
structured material showed much greater eﬃciency than planar controls for
collecting excited charge carriers in both regenerative and fuel-forming modes.
Thus far, oxygen or hydrogen evolution has not been reported from highly
structured III-V semiconductors. This is due in part to the low stability of III-V
semiconductors under the reducing or oxidizing conditions required for the
HER and OER, respectively. An illustrative example is the work of Khasalev
and Turner on a full water-splitting system based on multi-junction, planar,
III-V semiconductors.96 Although this system generated hydrogen and oxygen
with high energy-conversion eﬃciency, it was stable for only a few hours. With
continued progress in nanoscale control over composition and morphology,
water-splitting devices based on III-V semiconductors might be made stable
under long-term operation.
3.3.3 Water Splitting by Colloidal Particles
Many research groups have attempted to split water using colloidal particles.
A recent analysis has suggested that colloidal water splitting is the best ap-
proach for eﬃcient, scalable solar hydrogen generation, provided that the
colloidal species are composed of abundant elements and provided that that
inexpensive and safe methods for separating the products from an explosive
mixture can be developed.97
To date, there are very few examples of full water splitting that use colloidal
particle suspensions in the absence of sacriﬁcial reagents. The Domen group has
reported the net generation of H2 and O2 gases in colloidal systems through
careful suppression of the parasitic (and thermodynamically downhill) back-re-
actions.98,99 The researchers relied on an overlayer of CrO3 on Rh particles de-
posited onto colloidal particles of GaN/ZnO solid solutions. The chromia
overlayer enabled net water splitting on these particles by aﬀording selectivity of
the Rh cores for the HER, due to selective permeability of CrO3 to protons and
H2 but not water or oxygen. Work from the Domen group is detailed elsewhere
in this volume, but this selective system is worth noting for its control over
nanostructure, providing the necessary components for overall water splitting.
3.3.4 Water Splitting Catalysis by Structured Materials
Several research groups have advanced the development of nanostructured
catalysts for the HER and the OER. Signiﬁcant work has focused on the
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replacement of the noble metals Pt, Ru, and Ir that are commonly used in
proton-exchange membrane electrolyzers, with non-noble alternatives, or on
leveraging structured geometries to minimize the quantities of expensive
elements. The following is a brief discussion of several research highlights in
the development of heterogeneous HER and OER catalysts, with special
emphasis on systems that have been developed with control of features at the
nanoscale.
3.3.4.1 Hydrogen Evolution
Several research groups have recently demonstrated molybdenum sulﬁdes as
catalysts for the HER.100 These sulﬁdes have been widely studied for their use
in hydrodesulfurization,101 but have demonstrated viability as hydrogen-
evolution catalysts based on DFT calculations from the Nørskov group that
suggested the HER catalytic activity of such systems could approach that of
pure Pt.102 Subsequent experimental work in the Chorkendorﬀ group demon-
strated facile HER catalysis at the edge sites of nanocrystalline MoS2
lamellae.103
Recent work from the Chorkendorﬀ and Jaramillo groups sought to maxi-
mize the density of active edge sites of MoS2. For example, a precursor was
deposited onto high surface-area carbon paper and subsequently annealed
under a sulﬁdizing atmosphere to yield a supported catalyst of nominally high
surface area.104 This carbon-supported metal sulﬁde catalyst produced ex-
change current densities on the order of 106 A cm2 based on estimated total
surface area. The activity was increased by addition of small amounts of Co
salts to the precursor solutions. The Jaramillo group reported catalytic activity
from a structured MoO3-MoS2 core-shell morphology.
47 Synthesized by sulﬁ-
dizing the outer layer of a nanostructured MoO3 layer, this morphology
avoided ohmic losses due to high resistivity of the MoS2, which is far less
conductive than MoO3. The high surface area MoO3-MoS2 composite attained
high geometric activity and demonstrated extended stability under acidic
conditions.
Transition metal sulﬁde electrocatalysts can be deposited from molecular
precursors onto structured Si for photoelectrochemical hydrogen evolution. As
discussed previously, Hou et al. observed eﬃcient catalysis to yield a net energy
conversion of incoming light energy to stored energy in H2(g).
79 A subsequent
systematic study of transition metal sulﬁdes derived from molecular precursors
observed the highest energy conversion eﬃciency fromMo and Cu/Mo sulﬁdes,
but the highest stability was exhibited by pure Mo sulﬁde.105
Amorphous, rather than crystalline, molybdenum sulﬁde also is an eﬃcient
HER catalyst. This active material can be either electrodeposited from
ammonium thiomolybdate under anaerobic conditions or can be chemically
synthesized by precipitation of nanoparticles.106,107 Interestingly, the electro-
deposited material is formed by passing both anodic and cathodic current
through the working electrode, which is unusual for a material intended only to
catalyze a reduction reaction. Similar to the results of Chorkendorﬀ et al.,
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Merki et al. observed an enhancement in activity upon the addition of the ﬁrst
row metals Fe, Ni, and Co to the amorphous ﬁlms.107
Several groups have characterized the catalytic activity of molybdenum-
containing alloys. Rocheleau et al. studied a Co-Mo catalyst for solar water
splitting,108 and the Lewis group studied a Ni-Mo alloy for photoelec-
trochemical hydrogen evolution.83 Previously studied for alkaline electrolyzer
applications, Ni-Mo has demonstrated high activity over thousands of
hours.109,110 Lewis and coworkers showed that an alloy of Ni and Mo could be
electrodeposited directly onto p-type Si substrates for eﬃcient hydrogen evo-
lution under mildly acidic conditions. The as-deposited ﬁlms were nanoparti-
culate, and the apparent catalytic activity increased when the material was
deposited onto Si microwire arrays, due to the multi-scale roughness en-
hancement aﬀorded by the nanostructured catalyst on the microstructured
semiconductor substrate. Researchers at Sun Catalytix have recently employed
a related catalyst system, Ni-Mo-Zn, which was integrated into a water splitting
cell that utilized a triple junction amorphous silicon solar cell as a substrate.111
Three-component Ni-Mo-X catalysts have been previously studied for alkaline
electrolysis,112,113 whereas the Sun Catalytix researchers reported stable
performance under buﬀered conditions at neutral pH.
3.3.4.2 Oxygen Evolution
Signiﬁcant recent eﬀorts have targeted understanding and development of co-
balt oxide for the OER. The 2008 publication by Kanan and Nocera stimulated
recent investigations into cobalt oxide catalysts in which amorphous Co oxide
is electrodeposited at neutral pH from Co salts.114 These recent studies follow
from previous research on Co oxides for water oxidation in alkaline and neutral
pH.115–117 The initial experiments suggested that the phosphate buﬀer played
some role in the formation of the catalyst, although subsequent work has
shown that other buﬀers, or Co metal ﬁlms, generate similar coatings.118,119
The reports on Co oxide catalysts have driven eﬀorts to understand the
mechanism of their operation. Nocera and coworkers utilized EPR and X-ray
techniques to suggest a cubane structure for the active species, where the Co is
proposed to undergo a redox transition from CoIII to CoIV during catalytic
turnover.120 Studies of Co oxide OER catalysts over a range of pH suggest that
the active catalytic mechanism transitions from primarily heterogeneous to
primarily homogeneous at pH values below 3.121
The Nocera group has investigated Co oxide as a commercially viable system
for eﬃcient solar driven oxygen evolution. They generated current densities of
tens of mA cm2 for oxygen evolution at overpotentials below 300 mV in
neutral pH at amorphous Co oxide deposited onto high surface area Ni
foams.122 Additionally, this electrodeposited Co oxide catalyst resisted poi-
soning by Ca21 ions and other contaminants found in natural waters, and the
catalyst exhibited a linear increase in catalytic activity with mass loading. This
linear scaling of activity with mass loading implies that the electrodeposited Co
oxide catalyst exhibits a large electrochemically active surface area for the
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OER, either as a result of nanoscale features or due to three-dimensional
porosity in the ﬁlm. The same methodology for the deposition of Co oxide ﬁlms
has been used in several functional systems for solar water splitting incorpor-
ating amorphous and crystalline Si semiconductors.111,123,124
Several researchers have incorporated Co oxide catalysts as active materials
for driving the OER on semiconductor absorber substrates. The Gamelin
group deposited amorphous Co oxide onto nanocrystalline hematite, yielding
an increase in the overall eﬃciency for oxygen evolution.39,125 The Choi group
deposited Co oxide onto ZnO and hematite nanostructures under illumination
and found that the catalyst morphology and energy-conversion eﬃciency could
be modulated by judicious control of the deposition conditions.126,127 The Choi
group also deposited Co oxide onto WO3 photoelectrodes and observed a
signiﬁcant increase in the selectivity of the composite ﬁlm toward oxygen
evolution relative to formation of peroxo-species, which also enhanced the
long-term stability of the oxygen-evolution system.49
In addition to studies of non-noble metal catalysts, a traditional water oxi-
dation catalyst, IrO2, is of interest with the goal of minimizing the iridium
loading while maintaining high oxygen evolution activity. The Murray group
reported a mesoporous IrO2 ﬁlm consisted of nanoscale oxide particles that
were synthesized in the solution phase and then ﬂocculated onto an electrode
that was maintained at positive bias.128 Signiﬁcant oxygen-evolution activity
with 100% Faradaic eﬃciency was observed at overpotentials as low as
250mV. Additionally, the Mallouk group has published several deposition
methods that produce nanoscale iridium oxide ﬁlms for electrochemical oxygen
evolution.129
Nanoscale noble metals and oxides have recently been explored for both of
the water splitting half reactions on planar Si electrodes that are protected from
deleterious interfacial reactions by thin oxide layers. Lewerenz andMun˜oz have
carried out extensive work on so-called ‘‘nanoemitter’’ junctions between pla-
nar Si and either Pt or Ir metals accompanied by surface Si oxide. They
demonstrated stable, sustained electrochemical reactions on Si surfaces under
conditions that normally result in silicon degradation.130 McIntyre, Chidsey,
and coworkers recently leveraged ALD-deposited TiO2 for the protection of
planar n-type Si electrodes for sustained oxygen evolution under alkaline
conditions using an evaporated Ir co-catalyst.131
3.3.5 Advances in Modeling Heterogeneous Catalysis
Computational modeling of active redox catalysis for the water-splitting half
reactions has produced notable, recent advances. Several research groups, led
primarily by Nørskov and collaborators, have recently undertaken the chal-
lenge of developing DFT models that are suﬃciently accurate to predict active
materials for the eﬃcient evolution of hydrogen and oxygen, as well as other
fuel-forming reactions.132,133
Recent DFT modeling studies indicate a need for nanoscale control over the
catalyst composition and morphology. Nørskov et al. predicted that the
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activity of MoS2 for hydrogen evolution would stem primarily from active sites
at the edges of the lamellar crystal structure.102 This prediction was conﬁrmed
experimentally by the Chorkendorﬀ lab.103 These results imply that molyb-
denum sulﬁdes must be nanostructured to maximize the proportion of step
edge sites and thus obtain an optimum hydrogen evolution eﬃciency.
Other recent work showed that composites consisting of adlayers of one
metal on another could attain higher catalytic activities for the HER than either
of the constituent metals.134,135 These results suggest that new structural/
compositional motifs can be used for new, highly catalytic nanomaterials to be
coupled with light absorbers for eﬃcient water splitting.
DFT modeling results from Nørskov and Rossmeisl indicate conserved
diﬀerences in energy between intermediates for the OER on transition metal
oxides.136,137 These relationships may result in an upper bound for the catalytic
activity of any metal oxide OER catalyst that is modest in comparison with the
high activities of noble metals for hydrogen evolution. The development of
multifunctional catalysts that consist of chemically distinct ‘‘active sites’’ for
various primary steps could circumvent this limitation. These sites would need
to be located suﬃciently closely to allow facile exchange of intermediate spe-
cies, and would thus require control over composition and structure at the
nanoscale. With several applications beyond photoelectrochemical water
splitting, the successful demonstration of a rationally designed nanoscale,
multifunctional electrocatalyst would be very signiﬁcant.
3.3.6 Broader Considerations – Beyond Small
Recent eﬀorts in the development of systems for photoelectrochemical water
splitting demonstrate the need for control over composition and morphology at
the micro, nano, and even atomic scale. In addition, successful photoelec-
trochemical water splitting systems based on nanostructured ﬁlm morphologies
require a proper understanding of mass transport in relation to nanostructured
geometries. Alternatively, colloidal water-splitting systems may require some
form of convection to maintain particles in the suspended form. Both of these
characteristics demand an understanding of diﬀusion and convection of species
from the nanoscale to the tens or hundreds of micron scale. Eﬃcient generation
of O2 and H2 gas implies copious bubble formation, the dynamics of which may
signiﬁcantly inﬂuence key characteristics such as light absorption and reactant
transport. New work must address all such features of an overall water splitting
process.
The potential need for gas separation and pressure management in water
splitting systems also requires study. Systems with no physical barrier between
the oxygen-evolving anode and the hydrogen-evolving cathode may require a
means to minimize losses from the comparatively facile reverse reactions of
oxygen reduction and hydrogen oxidation, respectively. Barrierless systems will
also require schemes to safely manage and separate an explosive H2/O2 mix-
ture. Systems that employ a separator between the anode and cathode must
minimize ohmic losses due to ionic transport over distances between the two
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compartments. Another key concern for multi-compartment systems is the
potential need for active pressure management, as the 2:1 stoichiometry of
hydrogen and oxygen evolution, respectively, implies rapid buildup of diﬀer-
ential pressures that may aﬀect sustained operation of the system.
Many key insights involving distance scales larger than a few microns can be
gained from previous experience as well as from collaborations between the
ﬁelds of chemical engineering and systems design. If we are to have economical
solar water splitting systems in the near future, both large scale and small scale
developments must continually feed back to one another to eﬃciently move
toward functional, scalable solutions.
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